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Superconducting properties of the noncentrosymmetric superconductor TaOs
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The noncentrosymmetric superconductor TaOs has been characterized using x-ray diffraction, re-
sistivity, magnetization, and specific heat measurements. Magnetization and specific heat measure-
ments show a bulk superconducting transition at 2.07 K. These measurements suggest that TaOs is
a weakly coupled type-II superconductor. The electronic specific heat in the superconducting state
can be explained by the single-gap BCS model, suggesting s-wave superconductivity in TaOs.
I. INTRODUCTION
Noncentrosymmetric (NCS) superconductivity has
been studied extensively in the past few years due to
their unconventional superconducting properties, which
cannot be explained within the framework of BCS the-
ory [1, 2]. In NCS superconductor, the lack of inversion
centre in the crystal structure induces an antisymmet-
ric spin-orbit coupling (ASOC), which breaks the par-
ity symmetry. As a result, the superconducting ground
state may exhibit mixing of spin-singlet and spin-triplet
components, if the pairing gap is much smaller than the
strength of the spin-orbit coupling [3–10].
Theoretical predictions suggested that the ratio of spin-
singlet to spin-triplet pairing states in a NCS super-
conductor depend on the strength of ASOC. This pre-
diction was supported by the experimental results of
Li2(Pd,Pt)3B [11–13], where pairing state was changed
from spin-singlet to spin-triplet, when Pd was replaced
with Pt. Concurrently, several NCS superconductors
containing heavy transition elements were studied where
admixed pairing states were highly anticipated due to
strong spin-orbit coupling. Yet most of them showed
dominant s-wave superconductivity [14–19]. In contrast,
compounds with low ASOC showed unconventional su-
perconductivity [20–23], which certainly questions the
role of ASOC on the superconducting state of noncen-
trosymmetric superconductors.
Recent work on NCS superconductors are predominantly
focused on compounds with α −Mn structure after the
discovery of time-reversal symmetry (TRS) breaking in
Re6Zr [24]. In this system, Re-atom occupies all the non-
centrosymmetric sites, therefore was considered a worthy
candidate to study the effects of lack of inversion sym-
metry on the superconducting state. Instigated by the
above finding, several other Re-based compounds were
systematically investigated, where the transition metal
element with Re was replaced with other heavier ele-
ments to tune the strength of ASOC e.g. Re24Ti5 [25],
∗ rpsingh@iiserb.ac.in
Nb0.18Re0.82 [26, 27], and Re6Hf [28, 29]. Most of these
compounds exhibited single-band superconductivity ex-
cept Nb0.18Re0.82, which showed double-gap supercon-
ductivity [27]. Hence, no apparent conclusion can be
made of the role of ASOC in determining the pairing
state of noncentrosymmetric superconductors.
Another compound with α−Mn structure which we stud-
ied recently is Nb0.5Os0.5 [30], which shows s-wave super-
conductivity when examined from bulk and µSR mea-
surements. In order to address the question regarding
the effects of ASOC, we have replaced Nb with Ta, as Ta
atom is heavier than Nb atom, substituting it should en-
hance the strength of spin-orbit coupling which, in turn,
can increase the extent of parity mixing in the supercon-
ducting ground state.
In this work, we report the detailed characterization of
the noncentrosymmetric superconductor TaOs exhibiting
bulk superconductivity at Tc = 2.07 K. Superconducting
properties were determined by the magnetic susceptibil-
ity, electrical resistivity, and specific heat measurements.
The results indicate a single-gap s-wave superconductiv-
ity with negligible effect of enhanced ASOC.
II. EXPERIMENTAL DETAILS
The sample of TaOs was prepared by melting stoi-
chiometric amounts of Ta (99.95%, Alfa Aesar) and Os
(99.95%, Alfa Aesar) in an arc furnace. The ingot was
flipped and remelted several times. The observed weight
loss during the melting was negligible. Then, the ingot
was annealed in a vacuum-sealed quartz tube at 900 ◦C
for 1 week. followed by cooling to room temperature in
24 hours. The powder x-ray diffraction (XRD) spectrum
was collected on a X’pert PANalytical diffractometer.
The magnetization measurements were performed using
superconducting quantum interference device (SQUID,
Quantum Design Inc.) and electrical resistivity and spe-
cific heat measurements were done in a physical property
measurement system (PPMS, Quantum Design Inc.).
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FIG. 1. Powder XRD pattern for the TaOs sample recorded
at room temperature.
III. RESULTS AND DISCUSSION
The x-ray diffraction pattern of TaOs shown in Fig. 1.
No impurities were observed in the diffraction pattern.
Rietveld refinement performed on the sample confirms
that the sample crystallizes into cubic, noncentrosym-
metric α - Mn structure (space group I 4¯3m, No. 217)
with the lattice cell parameter a = b = c = 9.769 ± 0.002
Å, which is in good agreement with the published data
[31].
Figure 2(a) shows the electrical resistivity data as a func-
tion of temperature in the range of 1.8 K ≤ T ≤ 300 K in
zero applied magnetic field. The measurement shows that
the sample has poor metallic behavior. This is similar to
other α −Mn structure compounds [18, 25, 26, 29, 30]
where the similar behaviour was attributed to electron
scattering due to disorder. The resistivity drops to zero
at Tc ≃ 2.06 K as shown in the inset of Fig.2(a).
The magnetization measurement was performed in an
applied field of H = 1 mT, confirms bulk superconduc-
tivity with the onset of strong diamagnetic signal around
T onsetc = 2.07 K, as displayed in Fig. 2(b). The su-
perconducting volume fraction is little higher than -1,
that may be due to demagnetization effect. The M(H)
curve obtained for temperature above Tc (not shown
here) was almost linear in H , which when fitted with
the linear model yields the intrinsic susceptibility χ =
8.81 × 10−4 cm3/mol. The measured susceptibility χ
results from the susceptibilities from the core and con-
duction electrons and given by χ = χcore + χvv + χL
+ χP , where χcore is the diamagnetic core susceptibil-
ity, χvv the paramagnetic Van Vleck susceptibility, χL
the Landau diamagnetic susceptibility, and χP the Pauli
spin susceptibility. Here the χcore contribution is from
the core electrons, whereas χL , χP is due to conduc-
tion electrons. Using the diamagnetic susceptibilities of
the constituent elements [32] gives χcore = - 6.05× 10−5
cm3/mol. The χP is given by χP = (g2/4)µ2BD(EF ) [33],
160
80
0
ρ 
(µ
Ω
-
 
cm
)
3002001000
 Temperature (K)
160
80
0
ρ 
(µ
Ω
-
 
cm
)
2.12.0
 Temperature (K)
Tc = 2.06 K
(a)
-1.2
-0.9
-0.6
-0.3
0.0
4pi
χ
54321
 Temperature (K) 
-1.2
-0.8
-0.4
0.0
0.4
4pi
χ'
4321
 Temperature (K) 
Tc = 2.07 K
H = 1 mTTc = 2.07 K
(b)
2.7
1.8
0.9
0.0
H
c1
  (m
T)
1.00.50.0
Temperature (K)
-0.08
-0.04
0.00
M
 (e
m
u
/g
)
630
 H ( mT)
1.8 K
2 K
Hc1 (0) = 2.52 ± 0.02 mT
(c)
4
2
0
H
c2
 
(T
)
1.00.50.0
 T/Tc
160
80
0
ρ 
(µ
Ω
-
cm
)
2.22.01.81.6
 Temperature (K)
0.8 T
0.01 T
Hc2 (0) = 3.44 ± 0.02 Τ
(d)
  Hc2 (ρ)
  Hc2 (χ
,)
FIG. 2. a) Temperature dependence of electrical resistivity for
TaOs between 1.8 and 300 K taken in zero magnetic field. In-
set highlights the superconducting transition temperature at
Tc = 2.06 K. (b) The magnetization measurement for TaOs
taken in 1 mT field showing superconducting transition at
T onsetc = 2.07 K. (c) Temperature dependence of lower crit-
ical field yields Hc1(0) = 2.52 ± 0.02 mT. The inset shows
the M(H) curves taken at different fixed temperatures. (d)
Temperature dependence of upper critical field Hc2(T) yields
Hc2(0) = 3.44 ± 0.02 T. Inset shows the resistivity measure-
ments at different fixed applied magnetic fields.
where g is the spectroscopic splitting factor of the con-
duction carriers, µB the Bohr magneton, and D(EF ) the
band-structure density of states at the Fermi energy EF .
Using g = 2 and D(EF ) = 1.27 states/eV f.u. (estimated
from specific heat measurements), we get χP = 4.11 ×
10−5 cm3/mol. Taking the band structure effective mass
m∗band = me, where me is the mass of a free electron,
we obtained χL = -1.37 × 10−5 cm3/mol from the for-
mula χL = -1/3(me/m∗band)
2χP [34]. Using the above-
estimated values χvv is derived as 9.14 × 10−5 cm3/mol.
To calculate the lower critical field Hc1(0), magneti-
zation curves M(H) in low applied magnetic fields was
measured at various temperatures from 1.8 K to 2 K as
shown in the inset of Fig. 2(c). The lower critical field
Hc1 is defined as the point at which the magnetization
deviates from linearity. The main panel of Fig. 2(c)
shows the temperature variation of Hc1(T), which can
be described by the formula
Hc1(T ) = Hc1(0)
(
1−
(
T
Tc
)2)
. (1)
When fitted to the experimental data, it yields Hc1(0)
= 2.52 ± 0.02 mT.
The temperature dependence of the upper critical field
Hc2(T) was determined by measuring the shift in Tmidc in
different fixed applied magnetic fields in resistivity mea-
surements as shown in Fig. 2(d). It is evident from
the graph that the data obtained from the measurements
vary linearly with temperature. This data can be fitted
3using the relation given by
Hc2(T ) = Hc2(0)
(1− t2)
(1 + t2)
, (2)
where t = T/Tc. By fitting above equation in the Hc2-T
graph, it yields Hc2(0) ≃ 3.44 ± 0.02 T. Hc2(0) can be
used to estimate the Ginzburg Landau coherence length
ξGL from the relation [35]
Hc2(0) =
Φ0
2piξ2GL
, (3)
where Φ0 is the quantum flux (h/2e). For Hc2(0) ≃ 3.44
± 0.02 T, we obtained ξGL(0) = 97.9 ± 0.3 Å. Within
the α-model the Pauli limiting field is given by [36]
Hpc2(0) = 1.86Tc
(
α
αBCS
)
. (4)
Using α = 1.71 (from the specific heat measurement), it
yields Hpc2(0) = 3.73 T. The upper critical field Hc2(0)
and Pauli limiting field are close. Detailed investigation
in low temperatures/single crystals are required to calcu-
late accurate value of Hc2(0) and confirm the contribu-
tion of spin-triplet component in superconducting ground
state. The Ginzburg Landau penetration depth λGL(0)
can be obtained from the Hc1(0) and ξGL(0) using the
relation [35]
Hc1(0) =
Φ0
4piλ2GL(0)
(
ln
λGL(0)
ξGL(0)
+ 0.12
)
. (5)
Using Hc1(0) = 2.52 ± 0.02 mT and ξGL(0) = 97.9 ±
0.3 Å, we obtained λGL(0) ≃ 5168 ± 3 Å. The Ginzburg
Landau parameter is given by the relation [35]
κGL =
λGL(0)
ξGL(0)
. (6)
For ξGL(0) = 97.9 ± 0.3 Å and λGL(0) = 5168 ± 3 Å,
we calculated κGL ≃ 52.78 ± 0.13. This indicates type-
II superconductivity in TaOs. Thermodynamic critical
field Hc can be estimated from κGL(0) and Hc2(0) using
the relation
Hc =
Hc2√
2κGL
, (7)
which for Hc2 = 3.44 ± 0.02 T and κGL = 52.78 ± 0.13
yields Hc = 46.09 ± 0.15 mT.
The low temperature specific heat measurement C(T )
was taken in zero applied field. The specific heat data
in Fig. 3 confirms bulk superconductivity in TaOs. The
normal state low temperature specific heat data above Tc
was fitted with the relation
C
T
= γn + β3T
2 + β5T
4, (8)
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FIG. 3. The low temperature specific heat data in the su-
perconducting regime fitted with the single gap s-wave model
using Eq. 11 for ∆(0)/kBT = 1.71. Inset: The C/T vs T2
data in the temperature range 3 K ≤ T ≤ 100 K, fitted with
low temperature Debye model.
where γn is the normal state Sommerfeld coefficient re-
lated to the electronic contribution to the specific heat
whereas β3 and β5 are the coefficients related to the lat-
tice contribution to the specific heat. The solid red line
in inset of Fig. 3 shows the best fit to the data which
yields γn = 3.0 ± 0.01 mJ mol−1 K−2, β3 = 0.052 ±
0.002 mJ mol−1 K−4, and β5 = 0.22 ± 0.04 µJ mol−1
K−6. The Debye temperature was related to the coeffi-
cient β3 which give θD = 332 K. Density of states at the
Fermi level DC(EF ) was estimated 1.27 stateseV f.u using the
relation γn = (pi2k2B/3)DC(EF ).
The electron-phonon coupling constant which gives the
strength of the attractive interaction between the elec-
tron and phonon can be calculated by the McMillan equa-
tion [37],
λe−ph =
1.04 + µ∗ln(θD/1.45Tc)
(1− 0.62µ∗)ln(θD/1.45Tc)− 1.04
, (9)
where µ∗ = 0.13 is the Coulomb repulsion parameter.
Using Tc = 2.07 K and θD = 332 K for TaOs, we ob-
tained λe−ph ≃ 0.50. This value suggests that TaOs is a
weakly coupled superconductor.
Using the electron-phonon coupling constant we can cal-
culate the bare-band effective mass m∗ of the quasi-
particles which contains the influence of many body
electron-phonon interactions, which for λe−ph = 0.50,
gives (assuming m∗band = me) m
∗ = 1.50 me [38].
The electronic contribution to the specific heat can be
calculated by subtracting the phononic contribution from
the total specific heat. The normalized specific heat jump
∆Cel
γnTc
is 1.41 for γn = 3.0 mJ mol−1 K−2. The value ob-
tained for ∆CelγnTc is close to the value for a weakly coupled
BCS type superconductor ( = 1.43).
The temperature dependence of the normalized entropy
S in the superconducting state for a single-gap BCS su-
4perconductor is given by
S
γnTc
= − 6
pi2
(
∆(0)
kBTc
)∫
∞
0
[f ln(f) + (1− f) ln(1− f)]dy,
(10)
where f(ξ) = [exp(E(ξ)/kBT )+1]−1 is the Fermi func-
tion, E(ξ) =
√
ξ2 +∆2(t), where ξ is the energy of nor-
mal electrons measured relative to the Fermi energy, y
= ξ/∆(0), t = T/Tc , and ∆(t) = tanh[1.82(1.018((1/t)-
1))0.51] [39] is the BCS approximation for the tempera-
ture dependence of the energy gap. The normalized elec-
tronic specific heat is related to the normalized entropy
by
Cel
γnTc
= t
d(S/γnTc)
dt
, (11)
where Cel below Tc is described by Eq. (11) whereas
above Tc its equal to γnTc. The specific heat data in
Fig. 3 fits perfectly well for a fitting parameter α =
∆(0)/kBTc = 1.71 ± 0.02, which is close to the BCS
value αBCS = 1.764 in the weak coupling limit, suggest-
ing that TaOs have dominant s-wave superconductivity.
Recently unconventional vortex dynamics have been ob-
served in some noncentrosymmetric superconductors [40–
43], which is very distinct from the classical and high-
Tc superconductors. Therefore, it is necessary to mea-
sure the stability of the vortex system against the ther-
mal fluctuations which is given by Ginzburg number Gi.
Ginzburg number Gi is the ratio of thermal energy kBTc
to the condensation energy associated with coherence vol-
ume [44]
Gi =
1
2
(
kBµ0τTc
4piξ3(0)H2c (0)
)2
. (12)
Here τ is the anisotropy parameter which is 1 for cubic
TaOs. For ξ(0) = 97.9 Å, Hc(0) = 46.09 mT and Tc=
2.07 K, we got Gi= 1.02 × 10−6. The value of Gi is
more towards the low Tc superconductors (Gi ≃ 10−8),
suggesting that thermal fluctuations may not be playing
any important role in vortex unpinning in our system.
Uemura et al. identified that the class of a superconduc-
tor can be differentiated conveniently based on the ratio
of the transition temperature (Tc) to the Fermi tempera-
ture (TF ) [45]. It was shown that unconventional, exotic
superconductors fall in the range of 0.01 ≤ TcTF ≤ 0.1.
For a 3D system Fermi temperature TF is given by the
relation
kBTF =
~
2
2
(3pi2)2/3
n2/3
m∗
, (13)
where n is the quasiparticle number density per unit vol-
ume. Using the Sommerfeld coefficient for TaOs, we can
calculate the quasiparticle number density per unit vol-
ume and mean free path [48]
γn =
(pi
3
)2/3 k2Bm∗Vf.u.n1/3
~2NA
(14)
TABLE I. Superconducting and normal properties of TaOs
Parameters unit TaOs
Tc K 2.07
Hc1(0) mT 2.52
Hc(0) mT 46.09
Hc2(0) T 3.44
HPc2(0) T 3.73
ξGL Å 97.9
λGL Å 5168
kGL 52.78
∆Cel/γnTc 1.41
∆(0)/kBTc 1.71
m∗/me 12.1
n 1027m−3 4.1
l Å 33.2
ξ0 Å 74.03
ξ0/l 2.23
vf 104ms−1 4.74
λL Å 2875.5
Tc/TF 0.0023
where kB is the Boltzmann constant, NA is the Avogadro
constant, Vf.u. is the volume of a formula unit and m∗ is
the effective mass of quasiparticles. The electronic mean
free path l is related to residual resistivity ρ0 by the equa-
tion
l =
3pi2~3
e2ρ0m∗2v2F
(15)
where the Fermi velocity vF is related to the effective
mass and the carrier density by
n =
1
3pi2
(
m∗vf
~
)3
. (16)
In the dirty limit, the penetration depth λGL(0) can be
estimated by relation
λGL(0) = λL
(
1 +
ξ0
l
)1/2
(17)
where ξ0 is the BCS coherence length. The λL is the
London penetration depth, which is given by
λL =
(
m∗
µ0ne2
)1/2
(18)
The Ginzburg-Landau coherence length is also affected
in the dirty limit. The relationship between the BCS
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FIG. 4. The Uemura plot showing the superconducting tran-
sition temperature Tc vs the effective Fermi temperature TF ,
where TaOs is shown as a solid red square. Other data points
plotted between the blue solid lines is the different families of
unconventional superconductors [46, 47].
coherence length ξ0 and the Ginzburg-Landau coherence
ξGL(0) at T = 0 is
ξGL(0)
ξ0
=
pi
2
√
3
(
1 +
ξ0
l
)
−1/2
(19)
Equations (14)-(19) form a system of four equations
which can be used to estimate the parameters m∗, n,
l, and ξ0 as done in Ref.[49]. The system of equations
was solved simultaneously using the values γn = 3.0 mJ
mol−1K−2, ξGL(0) = 97.9 Å, and ρ0 = 150.01 µΩ-cm.
The estimated values are tabulated in Table 1. It is clear
that ξ0 > l, indicating that TaOs is in the dirty limit. The
estimated value of mean free path l is of the same order
as observed in other α - Mn structure noncentrosym-
metric superconductors, where similar high residual re-
sistivity and dirty limit superconductivity was observed
[18, 27, 49].
Using the estimated value of n in Eq. (13) we get
TF = 897 K, giving TcTF = 0.0023, which places TaOs
away from the unconventional superconductors as shown
by a solid red square in Fig. 4, where blue solid lines
represent the band of unconventional superconductors.
IV. CONCLUSION
In summary, TaOs was prepared by standard arc
melting technique. The noncentrosymmetric α-Mn
cubic structure was confirmed by XRD analysis. A
comprehensive study of the superconducting prop-
erties of TaOs was done using resistivity, magnetic
susceptibility, and heat capacity measurements. These
measurements suggest type-II superconductivity in TaOs
with superconducting transition temperature Tc = 2.07
K. The electronic specific heat in the superconducting
state is well described by the single-gap BCS expression,
suggesting the s-wave superconductivity. The close value
of the upper critical field Hc2(0) and Pauli limiting field
in noncentrosymmetric superconductors may indicate
the possibility of mixed pairing in the superconducting
ground state. In order to confirm it, local probe mea-
surements, e.g. muon spin rotation/ relaxation is vital.
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